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ABSTRACT
We present a three-dimensional analysis of the supernova remnant Cassiopeia A using high-resolution spectra from
the Spitzer Space Telescope. We observe supernova ejecta both immediately before and during the shock–ejecta
interaction. We determine that the reverse shock of the remnant is spherical to within 7%, although the center of
this sphere is offset from the geometric center of the remnant by 810 km s−1. We determine that the velocity width
of the nucleosynthetic layers is ∼1000 km s−1 over 4000 arcsec2 regions, although the velocity width of a layer
along any individual line of sight is <250 km s−1. Si and O, which come from different nucleosynthetic layers
in the progenitor star, are observed to be coincident in velocity space in some directions, but segregated by up to
∼500 km s−1 in other directions. We compare these observations of the nucleosynthetic layers to predictions from
supernova explosion models in an attempt to constrain such models. Finally, we observe small-scale, corrugated
velocity structures that are likely caused during the supernova explosion itself, rather than hundreds of years later
by dynamical instabilities at the remnant’s reverse shock.
Key words: infrared: ISM – ISM: individual objects (Cassiopeia A) – ISM: supernova remnants – supernovae:
general – X-rays: ISM
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1. INTRODUCTION
The supernova remnant Cassiopeia A (Cas A) is a unique
astrophysical laboratory due to its young age (∼340 years—
Thorstensen et al. 2001; Fesen et al. 2006) and small distance
(only 3.4 kpc—Reed et al. 1995). The remnant is just entering
its Sedov–Taylor phase, so emission from both forward and
reverse shocks can be detected (Hughes et al. 2000). Emission at
most wavelengths, including most of the infrared, is dominated
by a ∼120′′ radius “Bright Ring.” The Bright Ring is formed
when supernova ejecta encounter Cas A’s reverse shock and
are shocked, heated, and collisionally ionized. It consists of
undiluted ejecta rich in O, Si, S, Ne, Ar, Ca, and Fe (Chevalier
& Kirshner 1978; Douvian et al. 1999; Hughes et al. 2000;
Willingale et al. 2003; Hwang & Laming 2003; Laming &
Hwang 2003; Morse et al. 2004; Ennis et al. 2006).
Studies of optical light echoes from the explosion near peak
light have led to the observation of weak hydrogen lines,
indicating a supernova Type IIb origin for Cas A (Krause et al.
2008). Cas A’s progenitor was therefore a red supergiant that
had lost most, but not all, of its hydrogen envelope. X-ray
studies indicate a total ejecta mass of ∼2 M (Willingale et al.
2003). If one adds to this the mass of the central compact object
(Chakrabarty et al. 2001), Cas A’s progenitor had a total mass
of at least 4 M immediately before the supernova explosion.
The estimated oxygen mass indicates a main-sequence mass of
∼15–25 M (Young et al. 2006; Vink et al. 1996).
Although Cas A’s appearance is dominated by recently
shocked ejecta, it also contains emission that is not the result of
collisional ionization at the reverse shock, but photoionization
by UV and X-ray emission from the shocked ejecta (Hamilton
& Sarazin 1984; Hamilton & Fesen 1998; Smith et al. 2009).
This material is seen toward the central region of the remnant at
low radio frequencies (Kassim et al. 1995) and in the infrared
(Rho et al. 2008; Smith et al. 2009; DeLaney et al. 2010;
Isensee et al. 2010), and was demonstrated to be at lower
densities and ionization state than recently shocked material
on the Bright Ring through a combination of Doppler analysis
and line ratio measurements (Smith et al. 2009). These ejecta
are often referred to as “unshocked ejecta” since they have yet to
encounter the remnant’s reverse shock. That is not an accurate
label, since Cas A’s forward shock and a reverse shock interacted
with the ejecta during the supernova explosion itself.
1.1. Previous 3D Maps
Three-dimensional (3D) Maps of Cas A have been made
in the optical, infrared, and X-ray. Doppler reconstructions
in the optical used S and O emission lines (Lawrence et al.
1995; Reed et al. 1995) and showed that ejecta on the Bright
Ring lie on a roughly spherical shell but are not uniformly
distributed on that shell–most of the ejecta lie nearly in the
plane of the sky. They also observe that the center of the sphere
is offset from the geometrical center of the spherical shell by
∼0.36 pc along our line of sight. This indicates that the ejecta
are not traveling at the same velocity in all directions, which is
consistent with previous results which indicated an asymmetric
expansion for the ejecta (e.g., Braun 1987; Willingale et al.
2002). These 3D reconstructions give us a selective snapshot of
ejecta because only material that has recently encountered the
remnant’s reverse shock will emit strongly in the optical.
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Figure 1. 34.81 μm [Si ii] Spitzer IRS map (left) and X-ray Si Chandra map (right) of Cas A. Both maps have been continuum subtracted. The regions of high-resolution
data discussed in this text are indicated by the boxes. The planes shown in Figure 9 are indicated by the straight lines in the X-ray image.
DeLaney et al. (2010) created a 3D infrared and X-ray map
of Cas A from a Spitzer Space Telescope spectral cube.8 Isensee
et al. (2010) used a similar IR data set, but at higher spectral
resolution, to make a 3D map of ejecta in the center of the
remnant. The advantage of these IR maps lies in the fact that
much of the ejecta in the IR will be detectable both before
and after they interact with the reverse shock. Both studies
found a similar distribution of ejecta to that seen in the optical
where the center of expansion is offset from the geometrical
center of the remnant both in projection and along the line of
sight. These works were able to study the relationship of several
nucleosynthetic layers and are discussed in the next section.
1.2. Separation of Nucleosynthetic Layers
Si and O emission are observed to be co-located in most
regions (e.g., Ennis et al. 2006) in both the X-ray and infrared.
This indicates that the two layers have very similar velocities
(less than 80 km s−1 difference). However, evidence of layer
differentiation is found in some directions in the X-ray (e.g.,
Hughes et al. 2000), the optical (Fesen et al. 2006), and the
IR (e.g., DeLaney et al. 2010; Isensee et al. 2010), which was
likely caused by the different layers of the star being ejected
at different velocities in those directions, thus encountering the
remnant’s reverse shock at different times.
It should be emphasized that we can only observe mixing
or separation in velocity space. We can easily detect any
velocity gradients in the supernova explosion since we can
detect Doppler velocities of <100 km s−1 in the IR, while
typical observed velocities and velocities predicted by models
are an order of magnitude larger (e.g., Hammer et al. 2010).
However, we cannot detect any initial spatial separation of
the nucleosynthetic layers–simulations predict that the relevant
nucleosynthetic layers will be <1011 cm thick prior to the
explosion (e.g., Joggerst et al. 2009), but the typical ejecta
clump size of <1′′ corresponds to ∼1016 cm at Cas A’s distance.
Therefore, we cannot differentiate between a situation where
two nucleosynthetic layers were separated during the supernova
explosion but ejected at the same velocity, and one where the
two layers were completely mixed during the explosion and
ejected at the same velocity. But, if we observe two layers that
are currently separated in velocity space, we know that they
were separated during the supernova explosion itself because,
to the best of our knowledge, there is no mechanism that will
impart different velocities to spatially overlapping elements.
8 Movies showing this 3D structure are available at
http://chandra.harvard.edu/photo/2009/casa2/animations.html.
1.3. Geometrical Asymmetries
Supernova explosion models predict substantial asymmetries
due to effects such as rotation as well as instabilities (e.g.,
Blondin et al. 2003; Burrows et al. 2007; Hammer et al.
2010). Observations of both supernovae and supernova remnants
have confirmed this picture. Spectropolarimetric observations
of unresolved supernovae have shown that all observed core
collapse supernovae contain intrinsic polarization, indicating
that there is a departure from spherical symmetry (Wheeler et al.
2005). Although an axis-symmetric geometry, probably induced
by jets, can be used to explain some features in some core-
collapse supernovae, significant departures from axial symmetry
are needed to explain most observations (Wang & Wheeler
2008).
IR 3D maps of supernova ejecta in Cas A have found major
asymmetries, both on global scales (DeLaney et al. 2010) and
for smaller subsets of ejecta in the entire supernova remnant
(Isensee et al. 2010). These asymmetries are not immediately
apparent in the visual appearance alone because the highly
spherical reverse shock creates a large selection effect in that
we can only observe ejecta near the shock at most wavelengths.
In this paper, we present an analysis of high spectral resolution
Spitzer mappings of the ejecta on the Bright Ring of Cas A. This
data set is an extension of that used by Isensee et al. (2010),
and it contains regions with both recently shocked and interior
ejecta. In Section 2, we present the observations and discuss
the methods used in our analysis. We describe those results in
Section 3 and discuss the physical implications in Section 4.
2. OBSERVATIONS AND ANALYSIS
The Spitzer Infrared Spectrograph (IRS) was used on 2007
August 30 to create spectral maps of select relatively bright
regions in Cas A whose locations are shown and labeled in
Figure 1. High-resolution spectra (R ∼ 600 for all wavelengths)
were taken from 20–35 μm using the long–high (LH) module
in all regions and from 10–35 μm using both the LH and
short–high (SH) modules in the southwest region. The FWHM
of unresolved spectral features in these observations is about
0.06 μm at 35 μm and about 0.02 μm at 13 μm. The LH data
were taken using a 61 s exposure at each position while the SH
data were taken using a 31 s exposure at each position. The pixel
scale of the observations is ∼1.′′25 and ∼2.′′5 for the SH and LH
modules, respectively. The background, which was taken from
three separate 61 s observations adjacent to the remnant, was
subtracted and 3D cubes were created using the S19 version
of the IRS pipeline and the CUBISM software package (Smith
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Figure 2. Typical spectra from the SH and LH Spitzer IRS module of emission in Cas A. The small bump near 23 μm may be from the 22.9 μm [Fe iii] line.
et al. 2007). The uncertainties in flux for each line of sight
were calculated from the IRS pipeline using standard error
propagation of the BCD level errors.
The undersampling of the IRS modules limits our uncertain-
ties. This is a systematic error that exists in the wavelength cal-
ibration data themselves, and is worst at the short-wavelength
end of both the SH and LH modules. Our obtainable wave-
length accuracy is limited to roughly 1/2 of a spectral bin, or
about 100 km s−1. The relative wavelengths for a given line can
be measured with higher accuracy from position to position or
within multiple Doppler components in a given position.
2.1. Spectra
Cas A’s infrared spectrum is dominated by bright emission
lines as shown in Figure 2. The LH observations contain
lines from [O iv] at 25.9 μm, [S iii] at 33.48 μm, and [Si ii]
at 34.81 μm. We tentatively identify the line near 23 μm as
the 22.9 μm [Fe iii] line. The lines observed in the LH module
typically have peak fluxes from 100 to 10,000 MJy sr−1, with an
rms noise of ∼20 MJy sr−1. The SH observation contains lines
from Ne, S, and Fe. Typical peak fluxes are ∼300 MJy sr−1.
2.2. Doppler Deconvolution
We performed a Doppler deconvolution of the spectral lines
for each line of sight from each ion separately using a spectral
CLEAN algorithm (Ding et al. 1999). We determined the
uncertainties in Doppler velocity for each Doppler component
by applying the spectral CLEAN to synthetic line data with
a realistic range of signal-to-noise ratios, and using line free
data in order to model the noise. For both procedures, we use
identical techniques to those described in Isensee et al. (2010).
Using synthetic data, the uncertainty in velocity for a single,
isolated Doppler component was determined to be <25 km s−1,
however, we could not differentiate two components from
one another along the same line of sight that were within
65 km s−1 of one another. Therefore, uncertainties in the
absolute velocities are limited by the systematic errors in the
calibration of ∼100 km s−1 rather than random uncertainties.
As in previous studies (e.g., Reed et al. 1995; DeLaney et al.
2010; Isensee et al. 2010), we assume that the ejecta have been
freely expanding at a constant velocity in order to determine
their spatial coordinate perpendicular to the plane of the sky.
DeLaney et al. (2010) demonstrate that this is a good assumption
for IR emission by showing that nearly all ejecta plotted on a
velocity versus radius plot fall on a semi-circle. We make a
similar velocity versus radius plot in Figure 3 from our data
set and find that ejecta in these regions fall on a semi-circle
that is consistent with that found by DeLaney et al. (2010).
The assumption of constant velocity is still valid despite the
fact that the ejecta were likely decelerated during the supernova
explosion itself. The subsequent behavior after the explosion
Figure 3. Velocity vs. radius plot for Si (filled squares) and O (open triangle).
Our assumption of no deceleration is good since all the ejecta lie nearly on
the same semi-circle. Note that the semi-circle is offset from 0 velocity by
810 km s−1 as indicated by the solid horizontal line.
(A color version of this figure is available in the online journal.)
is essentially identical to free expansion at a reduced velocity
because any deceleration happened near t = 0, z = 0 where z is
the spatial coordinate perpendicular to the plane of the sky.
3. RESULTS
3.1. 3D Maps
We plot the Doppler components from both the 25.89 μm
[O iv] and the 34.81 μm [Si ii] lines in Figures 4, 5, and 6 for
the southwest, northeast, and southeast regions, respectively. We
converted our velocity coordinates to spatial coordinates using
the conversion factor between the two determined by DeLaney
et al. (2010). This conversion factor is more appropriate than
one calculated from our own data since it uses data from
the entire remnant rather than a few select regions. The flux
from each component is displayed by varying the transparency;
the brightest 3D pixel (or “voxel”) for a given ionic line is
80% opaque, while the opacity of all other voxels is linearly
scaled downward as a function of the intensity of the Doppler
component. We have not plotted very weak ejecta with total
fluxes less than 15% that of the brightest velocity component.
The other strong line, the 33.48 μm [S iii] line, is from the
same nucleosynthetic layer as Si and traces out nearly identical
structures to the 34.81 μm [Si ii] line. Therefore, we do not show
3
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Figure 4. 3D plot of the 25.9 μm [O iv] line (blue) and 34.8 μm [Si ii] line (green) in the southwest of the remnant as viewed from three different angles. The angles
were chosen to best highlight the 3D structure of the ejecta. The units on the axes are arcseconds from the center of expansion of the remnant.
Figure 5. 3D plot of the 25.9 μm [O iv] line (blue) and 34.8 μm [Si ii] line (green) in the northeast of the remnant as viewed from two different angles. The angles
were chosen to best highlight the 3D structure of the ejecta. The units on the axes are arcseconds from the center of expansion of the remnant.
it here. The low density of the interior ejecta (∼100 cm−3, Smith
et al. 2009) implies that self-absorption within the ejecta will be
minimal along the line of sight. We note that we are likely only
observing the densest ejecta material, whether it is shocked or
interior ejecta, since the emissivity should scale roughly as the
density squared in both cases.
The ejecta in the SW region form a distinct shell-like
structure. The O and Si ejecta all lie along the same shell,
4
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Figure 6. 3D plot of the 25.9 μm [O iv] line (blue) and 34.8 μm [Si ii] line (green) in the southeast of the remnant as viewed from two different angles. The angles
were chosen to best highlight the 3D structure of the ejecta. The units on the axes are arcseconds from the center of expansion of the remnant.
(A color version of this figure is available in the online journal.)
although they fill different parts of the shell. Averaging over
the entire SW region, there are an averge of only 1.3 Doppler
components per line of sight, indicating that the thickness of the
shell is250 km s−1 along any given line of sight. The brightest
ejecta in the NE region also form part of a shell, but there are
substantially more dim ejecta inside of the shell than in the SW.
O and Si lie both on the shell and inside of the shell, although it
appears that some of the O and Si is systematically separated in
velocity space (see Section 3.6). The SE region consists of an
irregularly shaped region of both Si and O emission in addition
to a region dominated by O emission in the western most part
of the region.
3.2. Iron
We observe [Fe ii] with the SH module at 17.9 μm in the
SW. We plot the Doppler components from this line with Si and
O emission as shown in Figure 7. The SH data were binned
2 × 2 pixels to increase the signal-to-noise ratio. It is clear that
the Fe lies on the Si+O shell described in the previous section.
We confirm that the 25.9 μm line is the 25.89 μm [O iv] and
not the 25.98 μm [Fe ii] line by comparing the Doppler structure
of the 25.9 μm to that of the 34.81 μm [Si ii] line for several lines
of sight in the SE, SW, and NE. As an example, we display the
results for one line of sight with strong 17.9 μm Fe emission
in Figure 8. We show the Doppler structure for the 25.9 μm
line under the assumption that it is all [O iv] and all [Fe ii]. We
obtain an excellent match under the assumption of [O iv], but a
poor match under the assumption of [Fe ii] even along this line
of sight where we see relatively strong Fe at other wavelengths.
We find no evidence for Fe at 25.9 μm for 10 other lines of
sight, confirming the results of Isensee et al. (2010). Therefore,
we assume for the remainder of this paper that the 25.9 μm line
is entirely due to [O iv] emission.
3.3. Comparison to X-Ray Emission
We compared the locations of the IR ejecta to X-ray ejecta
detected in the 2004 Chandra observations of Cas A (see Hwang
et al. 2004). The spectral resolution of the X-ray images is not
sufficient to accurately determine the Doppler velocity for most
lines. Therefore, we show the 3D location of the X-ray ejecta
as planes perpendicular to the plane of the sky in Figure 9.
These planes represent the forward edge of the X-ray ejecta as
seen in Figure 1. We know that the X-ray material has been
recently shocked since the ejecta will only be at the appropriate
ionization states and temperatures if it has recently encountered
the reverse shock–the ejecta will ionize up to states that are
difficult to observe in the X-ray within ∼100 years (Mazzotta
et al. 1998).
Most of the bright IR ejecta are immediately interior to the
leading edge of the X-ray material. Since it takes some time
for a plasma to up ionize to ions visible in the X-ray, this is
consistent with the picture that the brightest IR ejecta have been
recently shocked.
3.4. Geometric Structure of Ejecta
We observe that the ejecta plotted in the previous section
appear to have a distinct shell-like geometry in the southwest
and northeast regions. We attempt to characterize the shape of
this shell with an ellipsoid by fitting bright emission with a total
5
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Figure 7. 3D plot of the 25.9 μm [O iv] line (blue), the 34.8 μm [Si ii] line (green), and the 17.9 μm [Fe ii] line (purple) in the southwest of the remnant as viewed
from three different angles. The velocity axis has been stretched by a factor of approximately 1.8 in order to better highlight the Doppler structure of the region. The
Fe emission lies on the same shell as the O and Si emission.
Figure 8. Velocity plot for the [Si ii] line (dashed) overplotted with the 25.9 μm line (solid) shifted under the assumption that it is either all [O iv] (left) or [Fe ii] (right).
The lines have been normalized such that the integrated flux is equal for both lines. The velocity structure matches very well for the assumption that the 25.9 μm line
is all O, but matches very poorly under the assumption that it is composed of Fe.
flux at least 15% that of the brightest Doppler components from
all three regions.
We determined the best-fit ellipsoid characterized by eight
components–the three spatial coordinates for the center of the
ellipsoid, the three axis lengths, and two rotation angles. We
minimized the intensity–weighted rms residuals in the 3D space
by iteratively stepping through all plausible combinations of
parameters. We show our best-fit ellipsoid in Figure 10. The
lengths of the axes in the plane of the sky are 103′′ and 98.′′3,
and the length of the axis perpendicular to the plane of the sky
is 97.′′2. The ellipsoid is a sphere to within 7%. The average
residual from the best-fit ellipsoid is 270 km s−1, which is
roughly 5% of the total velocity for ejecta on the ellipsoid.
The center of this sphere is offset from the geometric center of
the ejecta by 810 km s−1 along our line of sight. This offset can
also be seen in the velocity versus radius plot shown in Figure 3.
3.5. Corrugation
Although the brightest ejecta lie near a spherical surface,
the ejecta appear to be corrugated about that surface. In
fact, the residuals from our best-fit surface are dominated by
systematic ∼250 km s−1 corrugations about the surface rather
than random small-scale fluctuations. This is most clearly seen
in the southwest region, as shown in Figure 11. We find that the
average wavelength of the corrugation is ∼24′′ and the amplitude
is ∼8′′ about the best-fit surface. We further address the issue of
corrugation in the next sections by looking at radial plot of the
net intensity of the ejecta.
3.6. Separation of Nucleosynthetic Layers
We plot the brightest [Si ii] and [O iv] ejecta, which come
from different nucleosynthetic layers, for the southwest and
northeast in Figures 4 and 5. There is clearly some separation
between these layers in some directions. We show a closeup of
one such region in Figure 12, where the layers are separated by
a few hundred km s−1 (corresponding to ∼5′′ or ∼0.1 pc). The
location of this region is shown in Figure 10.
In the SE, we observe a clump of O-rich ejecta with almost no
corresponding Si emission. We address this interesting region
in more depth in Section 4.2.
We further examine and quantify the separation between
layers by plotting the intensity of the emission as a function
of 3D radius for all intensities of ejecta for both O and Si in
the southwest. Since Doppler velocity and spatial coordinates
6
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Figure 9. 3D plot of the 25.9 μm [O iv] line (blue) and 34.8 μm [Si ii] line (green) in the northeast (left) and southeast (right) of the remnant along with planes of
X-ray emission. The R.A. and decl. of the X-ray planes were extracted from the lines on the Chandra images in Figure 1. The IR ejecta are just behind the front edge
of the X-ray shock in the northeast. The same is true in the southeast, and we see a substantial amount of oxygen-dominated material where our field of view overlaps
with the Ne-crescent detected by Ennis et al. (2006). This is not surprising given that Ne and O come from the same nucleosynthetic layer.
(A color version of this figure is available in the online journal.)
Figure 10. 3D plot of ejecta from all regions and the best-fit ellipsoid. The units
of the axes are km s−1. The ellipsoid is has an eccentricity of 1.07. The zoomed
in region in Figure 12 is indicated.
(A color version of this figure is available in the online journal.)
are equivalent and we want to determine the velocity separation
between nucleosynthetic layers, we converted all our spatial
coordinates into velocity units in order to determine the 3D
velocity from the center of expansion found in Section 3.3.
This was accomplished by using the arcseconds to km s−1 ratio
determined by DeLaney et al. (2010). We then plotted the line
flux as a function of 3D velocity by binning the emission in
200 km s−1 increments.
Figure 11. 3D plot of the 25.9 μm [O iv] line in the southwest of the remnant.
The units of the axes are km s−1. Two ellipsoids with radii 250 km s−1 greater
than and less than the best-fit ellipsoid are also plotted. Although the shell in
this region is only ∼200 km s−1 thick along any single line of sight, the overall
velocity of the components systematically varies by ∼250 km s−1 both above
and below the best-fit ellipsoid.
(A color version of this figure is available in the online journal.)
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Figure 12. 3D plot of the 25.9 μm [O iv] line (blue) and 34.8 μm [Si ii] line
(green) in a select region of the northeast whose location is indicated in Figure 10.
The units of the axes are km s−1. The red arrow points to the center of the
remnant. We detect clear separation between the O and Si layers along this line
of sight.
Because we expect the behavior of the layers to vary as a
function of direction, we created plots for many different lines
of sight. For each plot we only plotted emission from a solid
angle π/12 sr wide. Our initial beam was centered π/8 rad
above the plane of the sky and is wide enough to include the
entire width of the region, and then incremented by π/12 rad
downward for subsequent lines of sight.
We show the flux versus 3D velocity plots for the southwest
in Figure 13. The average radial distance of the O with respect
to Si varies significantly between locations. Along some lines
of sight, they overlap to within one 2′′ bin. In different lines of
sight, the O peak is at a velocity up to ∼500 km s−1 greater than
the Si. And along yet other lines of sight, the Si and O peak at
roughly the same velocity, but much of the O still is at larger
radii than the Si.
Furthermore, the peak velocity of both the Si and O changes
as a function of direction from ∼4400 km s−1 to ∼5200 km s−1.
This is consistent with corrugation in the velocities of the ejecta
along different directions.
The velocity width averaged over the solid angle of the Si and
O ejecta in the previous section are physical widths, and not just
instrumental effects. We find that, to first order, the FWHMs are
all ∼1000 km s−1 for both Si and O. The velocity uncertainty in
our bins is roughly 130 km s−1 (since we have an uncertainty of
roughly 65 km s−1 in each direction) and the bins are 200 km s−1
wide.
We note that the velocity width of the peaks is much larger
than the velocity width for any given line of sight determined
in Section 3.1. The velocity widths of the peaks is dominated
by averaging the 3D velocities over the entire solid angle and is
not necessarily indicative of the velocity spread over any single
line of sight.
3.7. Faint Ejecta
Although we dealt mostly with bright ejecta that are found
to lie on a distinct spherical structure in the previous sections,
there are weaker ejecta which lie interior to this bright shell,
especially in the NE region. On average, these ejecta are ∼10%
as bright as the ejecta on the shock. We plot these ejecta along
with the bright material in Figure 14. We note that nearly all the
dim ejecta lie interior to the bright ejecta.
4. DISCUSSION
4.1. Supernova Explosion Physics
The nature of core-collapse supernova explosions is a major
area of research. The assumed structure of the star before the
supernova explosion is similar for many different models. As a
massive star fuses different elements during hydrostatic burning,
it should produce denser and denser concentric nucleosynthesis
layers, forming the classic “onion-skin” model of the star.
However, between models, there is substantial variation in
the relevant physics behind the supernova explosion itself. Most
groups propose neutrino-driven shocks as the main mechanism
causing the explosion, but some utilize diffusive, magnetic
buoyancy, or neutrino-bubble instabilities (Janka et al. 2007).
Other groups propose jet-driven explosions, where the explosion
is dominated by MHD-driven jets formed in rapidly rotating
stars (e.g., Burrows et al. 2007).
3D maps of different nucleosynthetic layers in Cas A provide
a unique opportunity to test and constrain the various models.
Our observations focus on the layers that were initially near
the core of the star, where the supernova explosion begins–the
Fe/Ni core, the Si/S layer immediately above the core, and the
O/Ne layer above the Si/S. We can observe the post-explosion
geometry and velocity profile of the different layers. Some
models predict that Si and O will be ejected at nearly the same
velocity (e.g., Kifonidis et al. 2006), while others predict that
they will be ejected at velocities that differ by 500 km s−1
(e.g., Joggerst et al. 2009).
Along many lines of sight, our results are consistent with
the models of Kifonidis et al. (2006) and the 25 M models
of Joggerst et al. (2009)–we see little difference between the
peak velocities of O and Si. However, along other lines of
sight, we find that the O and Si peaks are offset by hundreds
of km s−1 which is inconsistent with above models, but is
consistent with the results of the 15 M models of Joggerst
et al. (2009). However, even though this 15 M model produces
a reasonable separation between O and Si, it predicts that the
velocity width of O will be nearly twice that of Si, while we
observe that both layers have roughly the same width along all
lines of sight. Furthermore, the model predicts overall velocities
of <2000 km s−1, which is only half of what we observe. Put
together, available models can reproduce most of the various
behaviors that we observe, but no single model, so far, can
reproduce observed velocity structure of the nucleosynthetic
layers of the Cas A supernova explosion.
4.2. The Southeast
Ennis et al. (2006) found a Neon “crescent” of ejecta in the
southeast and northeast of Cas A where Neon was seen in the
IR, but little Si was detected in the IR or X-ray. Our southeast
region overlaps slightly with the Neon crescent. Most of the
IR emission in this region consists of overlapping Si and O
immediately behind the X-ray ejecta. However, in the Neon
crescent, we see only O emission that is more than an order of
magnitude stronger than Si emission as shown in Figure 9. This
is consistent with Ennis et al. (2006) and Smith et al. (2009)
since Neon and O come from the same nucleosynthetic layer.
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Figure 13. Flux vs. radius plot for the southwest region. The O (dashed) and Si (solid) distributions overlap along some lines of sight, but are offset by up to
∼500 km s−1 along others. The peak velocity of the O line and the Si line also vary from about 4400 km s−1 to 5200 km s−1 depending on the line of sight. This is a
clear signature of corrugation. The full width at half-maximum of the distributions is ∼1000 km s−1 along all lines of sight.
The most likely explanation for this Neon/O crescent is that the
Neon and O are currently encountering the reverse shock and
therefore becoming brighter as they are compressed, while the
Si has yet to encounter the reverse shock. This is consistent with
the picture that there is no IR emission from the Si because the
densest Si clumps have not yet been radiatively shocked, and
there is no observable X-ray emission because the Si ejecta have
not been non-radiatively shocked.
4.3. Geometry
We observe that the center of expansion is offset from
the center of the remnant by ∼810 km s−1 along our line
of sight. This is consistent with previous results from 3D
reconstructions in the optical (Reed et al. 1995) and the IR
(DeLaney et al. 2010; Isensee et al. 2010). There are three
major possible sources for the cause of this offset—asymmetries
in the circumstellar environment, movement by the progenitor
star, and the supernova explosion itself.
Reed et al. (1995) speculated that this offset was due to
asymmetries in the pre-supernova circumstellar environment.
Isensee et al. (2010), using one patch toward the center of the
remnant, argue that this cannot be the case since the ejecta
interior to the reverse shock show the same velocity asymmetry,
despite the fact that they are unaffected by the circumstellar
material. The interior ejecta are expanding into a bubble that
has been cleared of any circumstellar material by the shocks
associated with the supernova explosion. Since our new results,
which span the Bright Ring, are consistent with those of Isensee
et al. (2010), the velocity offset is not specific to the central
regions of Cas A, but applies to the entire remnant.
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Figure 14. 3D plot of all ejecta in the northeast region with at least 10% the flux of the brightest Doppler component (left) and all ejecta with at least 25% the flux of
the brightest Doppler component (right). The units on the axes are arcseconds from the center of expansion of the remnant. The dimmer ejecta lie interior to the bright
shell formed by the brightest ejecta, indicating that it may not yet have encountered the reverse shock.
In principle, the velocity offset could be caused by progen-
itor motion, but the observed 810 km s−1 offset is much too
large a velocity for a star. Neutron stars may have velocities
>500 km s−1 (e.g., Satterfield et al. 2011), but such large veloc-
ities are the result of “kicks” during the supernova explosion,
which are caused by asymmetries in the supernova explosion
itself or a binary companion (e.g., Shklovskii 1969; Chatterjee
et al. 2005).
Therefore, the observed offset it most likely caused by asym-
metries in the supernova itself. A likely culprit is asymmetry
formed in the first ∼100 ms as seen in the models of Burrows
et al. (2007) and the SASI models of Blondin et al. (2003). Both
of these instabilities allow the initially spherically symmetric
forward shock to become highly asymmetric in just a few cross-
ing times. These instabilities arise due to the response of the
post-shock pressure to changes in the shock radius. If the pres-
sure in one region becomes slightly higher than the surround-
ings, it will push the shock outward. The pre-shock pressure
drops with increasing radius, which leads to smaller pressures
behind the forward shock due to the outward shock displace-
ment. If the post-shock pressure radial profile is steeper than the
pre-shock pressure profile, a standing acoustic wave is produced
by the positive feedback loop. Ejecta can “slosh” between the
standing shocks, resulting in substantial asymmetries (Blondin
et al. 2003). Presumably, the ejecta will maintain this asymmetry
as they expand outward, resulting in a low-order asymmetry that
is not necessarily centered on the location of the progenitor star.
Note that although the shock may initially be asymmetric, it will
gradually become spherical over time (e.g., Bisnovatyi-Kogan
& Blinnikov 1982), producing the nearly spherical surface that
we observe today.
4.4. Faint Ejecta
The faint ejecta seen interior to the bright ejecta on the nearly
spherical shell are likely ejecta that have yet to encounter the
reverse shock. We expect to observe both [Si ii] and [O iv] even
if they are not yet shocked because they will be photoionized by
energetic UV and X-ray photons from the reverse shock. Such
ejecta were previously detected in the center of the remnant and
interior to the reverse shock by DeLaney et al. (2010), Smith
et al. (2009), and Isensee et al. (2010). The brightness of the
ejecta appears to be roughly an order of magnitude less than that
of nearby material which has been shocked. This is consistent
with what is expected from a strong shock—a compression
factor of about 4 is expected for a classic, strong, non-radiative
shock, which would cause a rise in emissivity of a factor of 16.
We note that the interior ejecta in the center of the remnant
(see Figure 1) discussed extensively in Isensee et al. (2010) are
much brighter than the interior ejecta in all the regions near the
reverse shock. The most obvious explanation for this is that the
central ejecta are at a higher density. This difference in density
is probably caused by geometric effects—the central material
from the remnant is traveling at about half the velocity of the
material currently encountering the reverse shock in the plane
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of the sky (DeLaney et al. 2010). If the ejecta are expanding
homologously and were initially ejected at approximately the
same density, the material in the place of the sky would be at a
density one quarter that of the interior ejecta since the shocked
ejecta are at twice the radius. Therefore, we would expect the
emissivity of the central ejecta to be roughly 16 times that of
material in the plane of the sky that is interior to the reverse
shock since the emissivity of the ejecta varies as the square of
the density. This is roughly what we observe—interior material
in these regions have an average brightness of ∼300 MJy sr−1,
while material in the center of the remnant have brightnesses
around 4000 MJy sr−1 (Isensee et al. 2010).
4.5. Corrugation
Corrugation—that is, ripples in the geometric structure of
the ejecta–has been previously observed in several supernova
remnants, including SN1006 (e.g., Winkler & Long 1997) and
the Cygnus Loop (e.g., Raymond 2003). There are several
possible explanations for this corrugation. If the shock is
radiative, the ripples could be caused by the thermal instability
(e.g., Berschinger 1986) or the thin shell instability (Vishniac
1983). The thermal instability is especially relevant for high-
speed (>150 km s−1), high-temperature (T > 105 K) shocks
where the sound speed crossing time greatly exceeds the cooling
time. This “instability” is actually an overstability that results
from the high radiative cooling rate. The thin shell instability
is another overstability. In this scenario, the ram pressure and
thermal pressure are misaligned, causing ripples in the initially
smooth distribution of ejecta.
Another possibility is that the ripples are caused by inhomo-
geneities in the ejecta encountering the shock. This inhomo-
geneity could be caused by Rayleigh–Taylor filaments created
at the contact discontinuity between the ejecta and the interstel-
lar medium (ISM) as the remnant enters its Sedov–Taylor phase
(Wang & Chevalier 2001). While this is a likely explanation for
the corrugation observed in SN1006 (Long et al. 2003), it is
not likely in Cas A since the ISM has already been swept away
by the forward shock by time the ejecta encounter the reverse
shock.
A final explanation is that the corrugation is caused by density
variations in the ejecta itself (e.g., Raymond 2003). In this
model, dense ejecta encountering the reverse shock would be
slowed less than less dense clumps of ejecta. Raymond (2003)
argues that this instability is the most likely cause for the
corrugation in the Cygnus Loop, where the density variations
may have been caused by ISM turbulence.
Regardless of the mechanism, there is also a question of where
the corrugation occurs. The observed ejecta have encountered
several shocks–the forward shock during the supernova explo-
sion itself, a reverse shock during the supernova, and most re-
cently, a larger scale reverse shock in the supernova remnant
(Isensee et al. 2010). Which shock encounter creates the ob-
served corrugation?
Most studies expect corrugation at the second, larger for-
ward or reverse shocks associated with the remnant. However,
we conclude that the most likely location for the corrugation
is during one of the two shocks that the ejecta encounter
during the supernova explosion itself. Previous studies find
little evidence for deceleration of IR ejecta after the explo-
sion, including recently shocked ejecta (DeLaney et al. 2010).
Our data are also inconsistent with recent deceleration of
the ejecta. If the ejecta were suddenly decelerated, the ejecta
would be closer to the plane of they sky in our models due
to the reduction in Doppler velocity, forming a flattened sur-
face. However, we do not observe this pattern in the shocked
ejecta—we still see a nearly perfect sphere. In other words, if the
corrugation were being caused at the reverse shock, the ejecta
would need to be decelerated by at least several hundred kilo-
meters per second in order to create the observed corrugation
since being shocked. This effect would be easily visible with
our Doppler reconstruction of the global geometry, but is not
observed. Thus, the corrugation must occur during the super-
nova explosion itself, perhaps at the initial forward or explosion
reverse shock.
5. CONCLUSIONS
We create a 3D model of shocked ejecta of Cas A in select
regions at unprecedented spectral resolution using IR ionic lines.
We confirm previous studies that indicate that the remnant
is offset by ∼800 km s−1 along our line of sight. We find
evidence for velocity separation between the O and Si layers
along some, but not all, lines of sight. We measure the velocity
width of these layers roughly 250 km s−1 thick for a single
line of sight, although the ejecta are often in bands that are
∼1000 km s−1 thick averaged over several nearby lines of
sight due to corrugation. We find evidence for corrugation in
some regions of the remnant and speculate that the corrugation
was caused during the explosion itself rather than hundreds
of years later. We use our observations of Si and O velocities
to begin constraining models of supernova explosions and to
motivate future models to explore velocity profiles as a function
of azimuth.
We look forward to potential similar data sets from instru-
ments such as the Herschel Space Observatory and the Strato-
spheric Observatory for Infrared Astronomy (SOFIA). Both
these observatories will have the ability to create spectral cubes
of Cas A at much higher spectral resolution. The current instru-
ments on both observatories do not have the necessary instanta-
neous bandwidth to observe the 10,000 km s−1 velocity range
of ejecta in Cas A, but future spectrographs will have scanning
modes that will allow observations of ejecta at many different
velocities.
This work is based on observations made with the Spitzer
Space Telescope, which is operated by the Jet Propul-
sion Laboratory, California Institute of Technology under
NASA contract 1407. This work was supported in part by
NASA/SAO Award No. AR5-6008X and NASA/JPL through
award 1265552 to the University of Minnesota.
K.I. thanks Alexander Heger for valuable insight into the
physics of supernova explosions.
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